The aim of the present research is to determine the influence of the calcification of human mitral valves on the mechanical properties of their marginal chordae tendineae. The study was performed on marginal chords obtained from thirteen human mitral valves, explanted at surgery, including six non-calcified, four moderately calcified and three strongly calcified valves. The mechanical response of the chords from the non-calcified and moderately calcified valves was determined by means of quasi-static tensile tests (the poor condition of the strongly calcified valves prevented them from being mechanically characterised). The material parameters that were obtained and analysed (the Young's modulus, the secant modulus, the proportional limit stress, the ultimate strength, the strain at fracture and the density of energy stored up to maximum load) revealed noticeable differences in mechanical behaviour between the two groups of mitral chordae tendineae. Large scatter was obtained in all cases, nevertheless, considering the mean values, it was observed that the normal chords are between three and seven times stiffer or more resistant than the moderately calcified ones. On the contrary, the results obtained for the strain at fracture showed a rather different picture as, in this case, no significant differences were observed between the two families of chords. A scanning electron microscopy study was conducted in order to find out the relevant features of the calcium deposits present in the calcified chordae tendineae. In addition, the general aspects appreciated in the stress vs. strain curves were correlated with the collagen morphological evidences determined microscopically. Finally, the calcium content present in the three groups of chords was quantitatively determined through atomic absorption spectroscopy; then, the relation between the mechanical properties of normal and moderately calcified chords as a function of its calcium content was obtained. This analysis confirmed the existence of a strong correlation between calcium content and stiffness or resistance whereas the influence on the ductility seems to be negligible.
Introduction and scope of the research

The mitral valve and the mitral chordae tendineae
The mitral valve (MV) is composed of four elements (see Fig. 1 (a) ): the valve annulus, the valve leaflets (anterior and posterior), the mitral chordae tendineae (MCT) and the papillary muscles [23, 31, 13] . The MCT link the free edges and the ventricular surface of both leaflets of the MV to the papillary muscles, thus preventing the backflow of the blood into the left atrium during ventricular contraction. Several equivalent classifications for the MCT are proposed in the literature [13, 29, 12, 26, 27, 3, 20, 31, 24] . In general, the MCTs are classified according to their insertion sites on the mitral leaflets. In this sense, the anterior leaflet includes: (i) marginal chordae and (ii) strut chordae. The posterior leaflet has: (i) marginal chordae; (ii) basal chordae and (iii) commissural chordae. In Fig. 1 (b) , a typical layout of MCT is shown [24, 17, 16, 13, 22, 24] . 
Mitral valve calcification
Mitral regurgitation (MR) is the reflux of blood from the left ventricle into the left atrium during cardiac systole [4] . Carpentier et al. introduced a pathophysiologic classification of MR [2] based on the mitral leaflet motion. MR with normal motion is type I, with increased motion is type II and with restricted motion is type III. Heart valves are frequent locations of extensive calcium deposits, in particular because of rheumatic disease [19, 18, 6, 25 ].
Scope of the research
In this experimental study, the biomechanical properties of normal and calcified human MCT were determined. The objectives of the study are threefold: (i) to characterise (by means of quasi-static tensile tests) the mechanical behaviour of normal and calcified MCT; (ii) to quantitatively determine (through atomic absorption spectroscopy, AAS) the amount of calcium present in MCT, correlating this content with their mechanical response; (iii) to describe (through scanning electron microscopy, SEM) the relevant features associated to the fracture process and to the calcium deposits in the MCT. In the past, several studies [12, 21, 8, 16, 14, 15, 28, 10] were carried out in order to characterise the mechanical response of MCT. Nevertheless, to the knowledge of the authors, no experimental data on calcified human MCT are currently available, the present work being, therefore, the first attempt to obtain this information.
Material and methods
After receiving the approval of the Ethics Committee of the Marqués de Valdecilla University Hospital (Santander, Spain), the surgeons participating in the research provided a set of 13 human MVs. They classified the available MVs into three different groups: (i) 6 were obtained from patients (4 men and 2 women, aged between 36 and 63) who required heart transplant and whose MVs were not affected by any disease. The functional marginal MCT excised from these MVs constitute the control group of this study; (ii) 4 moderately calcified MVs and, (iii) 3 strongly calcified MVs, were obtained from patients who required valve replacement (1 man and 3 women, aged between 48 and 74 for the moderately calcified; 2 men and 1 women, aged between 54 and 79 for the strongly calcified Mvs). The overall appearance of the three kinds of mitral valves is shown in Fig. 2 . The MVs provided by the surgeons were taken from the operating room to the mechanical laboratory in a portable refrigerator. The protocol proposed by Prot [22] was followed to preserve the integrity of the biological material. 
Experimental techniques
The MCT were excised from the MVs preserving part of the leaflets and the papillary muscle in order to facilitate the adhesion of the specimen to the set up designed to perform the tests. To avoid the slipping of the tissue from the clamps, and adequate set up was designed and fabricated. In all cases, calibrated photographs of the specimens were taken to determine the average cross-sectional area (A0) and the initial gauge length (L0) of the specimen [13] . The tensile tests were performed under displacement control conditions, applying a constant rate of 1 mm/min following the procedure described by Ritchie [24, 7] . The stress -strain curve of each test was obtained and the relevant mechanical parameters of the material were determined: the Young's modulus (E), the secant modulus (E s ), the proportional limit stress (σ P ), the ultimate strength (σ R ), the strain at fracture (ε R ) and the density of energy (energy per unit volume of the specimen) stored up to maximum load (E a ). To detect the calcium deposits in the MCT, some specimens were observed by means of SEM with a JEOL JSM 5800 scanning electron microscope. AAS technique was used to determine the concentration of calcium in some selected samples [9] .
Experimental results
Tensile tests
The force vs. elongation curve represented in Fig. 3 (a) corresponds to a tensile test performed on one of the functional MCT analysed. The figure includes a text box with the geometric dimensions of the chord as well as some relevant points (A, B, C and D, represented as solid points). The stress vs. strain curve (engineering variables) is represented in Fig. 3 (b) , where the most representative mechanical parameters are included (E, E s , σ P , σ R , ε R and E a ). This example allows the general features of the mechanical response of the MCT to be appreciated: 
SEM and EDS analysis
In Fig. 6 , a comparison between a normal chord (a), a moderately calcified one (b) -both previously tested up to fracture-and one MCT obtained from one of the strongly calcified MVs available for the research (c), are shown. 
Determination of the calcium content present in the chordae through atomic absorption spectroscopy
The calcium content of several MCT was determined through AAS. Specifically, the material analysed consisted of: (i) 15 MCT obtained from the 6 normal MVs, (ii) 8 MCT obtained from the 4 moderately calcified MVs and, (iii) 6 MCT obtained from the 3 strongly calcified MVs. The normal and moderately calcified chords were among those previously subjected to tensile tests (the two halves of each specimen were jointly analysed). The calcium content measured (expressed in terms of mg Ca / mg dry tissue) is represented in Fig. 7 (notice that a logarithm scale was used). 
Discussion
Tensile tests
After carefully analysing the tensile curves, the following systematic characteristics were identified: i) The curves show a pronounced nonlinear behaviour in their initial region. For reduced loads, the collagen fibres are in relaxed conditions and appear wavy and crimped (Section 4.2 includes some additional microscopic information) [5, 22, 24] . ii) Next, a region of linear behaviour develops from point A to point B. The points included in this interval were used to obtain E, see Fig. 3 (b) . From a microstructural point of view, the crimp patterns disappear and the collagen fibres are progressively straightened and aligned by the applied force. iii) From point B, the curve starts to bend until point C, where a sudden fracture takes place. The coordinates of point C correspond to ε R and σ R . iv) In general, irregularities consisting of partial unloads were observed in the experimental curves (see the arrows in Fig. 3 (a) ).
Taking into consideration the information gathered in Fig. 5 , the following aspects can be drawn: i) A great difference between functional and moderately calcified MCT is appreciated when the mechanical parameters related with the stiffness (E, Es) or the resistance (σ P , σ R or E a ) are considered. Indeed, observing the mean values of these parameters reveals that, on average, the normal MCT are between three and seven times stiffer or more resistant than the moderately calcified chords. ii) Although there is not enough information available to conduct a statistical analysis of the distribution of minimum values, the results clearly suggest that these are noticeably lower for the moderately calcified chords than for the functional ones, whenever the stiffness or resistant parameters (E, E s , σ P , σ R or E a ) are being considered. iii) The results obtained for the strain at fracture, εR show a rather different picture: in this case, see Fig. 5 (e), no significant differences can be seen between normal and moderately calcified MCT.
SEM and EDS analysis
In Section 4.1, the relevant aspects of a typical stress vs. strain curve were described and explained because of the microstructural changes that take place as a MCT is stretched. In order to confirm the validity of the above mentioned explanations, several previously tested MCT were fixed in 3% glutaraldehyde, carefully opened in longitudinal direction with the help of a scalpel, and examined by SEM. In Fig. 8 , a comparison between the arrangements of collagen fibres in a non-previously tested MCT (Fig. 8 (a) ), and a MCT tested up to fracture (Fig. 8 (b) ) is shown. In addition, several interrupted tests were conducted to examine the validity of the explanation of the sudden unloads detected in the experimental curves. These tests consist of stretching some chords until the first unload occurs (therefore, before the final fracture); immediately after that, the test is stopped and the chord is longitudinally opened to be examined in the SEM.
Determination of the calcium content present in the chordae through atomic absorption spectroscopy
In Fig. 9 , the relation between the mechanical properties of normal and moderately calcified MCT as a function of calcium content is represented (notice that a logarithm scale was used in all cases). The data included in each of the graphs were fitted through a potential law function (a linear fitting on a log-log scale) to show the trends of the different families of data. The equation of the fitting and the R-squared value are shown on a chart box. This set of figures serves to confirm some of the aspects reported previously in Section 1; thus, the influence of the calcium content is clear for the mechanical parameters E, E s , σ P , σ R and E a . In contrast, the effect of the amount of calcium on the strain at fracture, ε R , seems to be negligible. . Picture (c) shows some micro-fractures detected in the collagen fibres of MCT previously subjected to interrupted tensile tests whereas in (d), the retraction of some broken fibres is appreciated (see the arrows). Micrograph (e) allows the detailed appearance of the fracture region of a MCT to be appreciated; the outer spongy layer of the chord is retracted (arrows) due to its higher elasticity. 
Conclusions
In general, although large scatter was systematically obtained, a great difference can be observed between functional and moderately calcified MCT when the mechanical parameters related with the stiffness (Young's modulus, secant modulus) or the resistance (proportional limit stress, ultimate strength and density of energy stored up to maximum load) are considered. In contrast, no significant differences can be seen between normal and moderately calcified MCT when comparing the strain at fracture. The amount of calcium present in normal, moderately and strongly calcified chords was measured through AAS; noticeable differences in calcium content were detected between them, although large scatter was present in the results. This analysis allowed the correlation between the measured mechanical properties and the level of calcification of normal and moderately calcified chords to be established. Finally, the relevant features associated with the fracture process and the calcium deposits in the MCT were examined with the SEM. In this sense, the calcium deposits (presumably in the form of hydroxyapatite) present in the moderately and strongly calcified chords were observed; in this latter case, some deposits of deeply rooted substances were appreciated. Moreover, several previously tested MCT together with some chords subjected to interrupted tensile tests were opened and examined in the SEM. As a result, some explanatory mechanisms were proposed in order to justify the typical aspects observed in the stress vs. strain curves.
